The binding properties of a peptidoglycan recognition protein are translated via combinatorial chemistry into short peptides. Non-adjacent histidine, tyrosine, and arginine residues in the protein's binding cleft that associate specifically with the glycan moiety of a peptidoglycan substrate are incorporated into linear sequences creating a library of 27 candidate tripeptide reagents (three possible residues permutated across three positions). Upon electrospraying the peptide library and carbohydrate mixtures, some noncovalent complexes are observed. The binding efficiencies of the peptides vary according to their amino acid composition as well as the disaccharide linkage and carbohydrate ring-type. In addition to providing a charge-carrier for the carbohydrate, peptide reagents can also be used to differentiate carbohydrate isomers by ion mobility spectrometry. The utility of these peptide reagents as a means of enhancing ion mobility analysis of carbohydrates is illustrated by examining four glucose-containing disaccharide isomers, including a pair that is not resolved by ion mobility alone. The specificity and stoichiometry of the peptide-carbohydrate complexes are also investigated. Trihistidine demonstrates both suitable binding efficiency and successful resolution of disaccharides isomers, suggesting it may be a useful reagent in IMS analyses of carbohydrates.
Introduction
G lycosylation is a ubiquitous post-translational modification that is thought to influence the structures of roughly half of all proteins [1] . Analysis of the positions of and structures of glycans on protein surfaces is tremendously challenging because of a number of reasons, including: the branched nature of glycans, leading to a large number of possible isomeric forms; the heterogeneity of glycosylation (both positional and structural variations) among many copies of the same protein; and, the limited quantities of samples where glycan analysis is desirable. Mass spectrometry (MS)-based techniques and affinity-based enrichment approaches [2] [3] [4] are among the most promising solutions to these problems. For example, Reinhold and coworkers have utilized multiple stages of tandem mass spectrometry (up to MS 6 ) to determine the structures of isomeric glycans from ovalbumin IgG [5] . The combination of collision induced dissociation (CID) with electron transfer dissociation (ETD) is making it possible to determine peptide sequences as well as glycan positions and structures [3] . Recently, ion mobility spectrometry (IMS) [6] has emerged as a means of separating isomers prior to MS analysis [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Because IMS separates ions based on their shapes, it also offers information that is complementary to MS analysis. By comparing experimentally measured mobilities with those calculated for trial structures generated by theory it is possible to gain insight into the shapes of different glycan isomer forms.
Some isomers, however, are too similar in size to be distinguishable even at the resolving power of current stateof-the-art IMS instruments. Several strategies have been proposed to resolve such species. One approach is to change the composition of the buffer gas used inside the drift cell of an ion mobility spectrometer. Changing the buffer gas or doping in gaseous chemical modifiers has been shown to significantly affect the resolution of several analytes [17] [18] [19] and this strategy has been used successfully for carbohydrates as well [12] . Another route has been to vary the ionization state of the analyte species. Because saccharidebased analytes do not typically protonate favorably, electrospray ionization (ESI) [20] typically involves salt-containing solutions to form metal cation adducts. Sodium salts are most typically used, although other alkali metals [16] and some transition metals [12] have been investigated.
Although they have yet to be used in IMS studies, Desaire and coworkers have shown that ion-pairing reagents can be used to bind and ionize certain functionalized (e.g., phosphorylated or sulfated) saccharide species [21, 22] . Due to the acidity of these functional groups, such ion-pairing reagents are typically oligomers of basic amino acid residues, such as trilysine [22] . These reagents make it possible to differentiate between phosphorylated and sulfated species based on characteristic fragment ions produced upon collision-induced dissociation [21] . Peptide-based reagents are also appealing because, unlike metal cations, they have inherent structure that may be flexible. Therefore, it seems likely that appropriate peptide reagents may distinguish between isomeric substrate molecules based on their binding affinities or by the geometries of the complexes they form. A recent report suggests that peptide-carbohydrate interactions are capable of distinguishing between different anomeric forms of a saccharide molecule [23] . We also note the related work by Cotter and Von Seggern utilizing biologically-relevant interactions between peptides and carbohydrates in mass spectrometry experiments [24, 25] .
Here, we describe an approach that utilizes known binding interactions from biological systems to design peptide-based reagents for improved resolution and identification of carbohydrates. The candidate peptide reagents are modeled after the binding cleft of a peptidoglycan recognition protein (PGRP) [26] . This protein has been shown to bind to a muramyl tripeptide that serves to model the peptidoglycan layer of bacterial cell walls [27] . Both the carbohydrate and peptide portions of the substrate are required for binding [26] , suggesting that a region of the binding cleft interacts specifically with the glycan moiety. In a co-crystallized PGRP-muramyl tripeptide complex, three amino acid residues were identified to be in close proximity to (and presumably associating with) the muramyl group [26] . These residues (histidine, tyrosine, and arginine) were incorporated in the design of a tripeptide library that contains all 27 possible combinations of the three amino acids. The resulting library is then doped into electrospray solutions of several saccharide-based analytes including N-acetylmuramic acid, maltohexaose, and a set of four disaccharide isomers. These peptide reagents are investigated for saccharide-binding efficiency and stoichiometry, and isomeric tripeptide-disaccharide complexes are examined to assess the suitability of these peptides as IMS shift reagents [28, 29] .
Experimental

Peptide Library Synthesis
Peptides were synthesized via standard fluorenylmethyloxycarbonyl (Fmoc) chemistry and solid-phase synthesis procedures [30, 31] . All reagents were purchased from Midwest Bio-Tech, unless otherwise noted. The peptide chain was synthesized starting from a mixture of Wang resin beads, preloaded with Fmoc-protected His(Trt), Tyr(tBu), and Arg(Pbf) residues, which were deprotected with 20% piperidine in N,N-dimethylformamide (DMF) in two 10-min steps. Subsequent residues, Fmoc-protected His(Trt), Tyr (tBu), and Arg(Pmc) (Nova Biochem), were coupled using 5-fold excess amino acid, HBTU, and DIPEA dissolved in DMF, and were allowed to react for 30 min with occasional agitation. After coupling, the resin beads were dried, divided equally by mass, and redistributed among the three reaction vessels. After the third residue was coupled and its Nterminus deprotected, the peptides were cleaved using a cocktail of 95/2.5/2.5 TFA:water:phenol for 2 h. The peptides were precipitated with diethyl ether, filtered, and redissolved in 5% aqueous acetic acid. This solution was then frozen, lyophilized, and used directly without further purification.
Instrumentation
The studies presented below were conducted on a homebuilt IMS-MS instrument. This instrument is described in detail elsewhere [32] . Briefly, a continuous beam of electrosprayed [20] ions are trapped and accumulated in a source ion funnel [33] by rf potentials (~150 V, peak-to-peak amplitude at~300 kHz). Periodically, ion packets are released in short (150 μs-wide) pulses into a~3 m long stacked ring-electrode drift tube. The drift tube is filled with 3 Torr He buffer gas at room temperature and a linear electric field of 10 V•cm -1 is applied down its axis. As the packet of ions traverses the drift tube, different ions separate according to the differences in their low-field mobilities through the gas [34] [35] [36] typical total drift times for the ions produced here are on the order of tens of milliseconds.
Three additional ion funnels are located inside the drift tube and at the drift tube exit. These funnels are used to radially refocus the diffusing ion cloud. After the mobility separation, a series of ion optics (including deflectors, an Einzel lens assembly, and a short quadrupole) focus the ions through differential pumping stages and into the source of a time-of-flight (TOF) mass analyzer for rapid (maximum flight time of 60 μs) m/z measurement. Roughly Figure 1 shows ESI mass spectra for the individual disaccharides ionized by sodium adducts. Intense peaks corresponding to sodiated monomer, dimer, and trimer are observed for each disaccharide isomer (m/z 365, 707, and 1049, respectively). Data corresponding to sodiated monomers can be extracted along the mobility dimension to produce drift time distributions for these ions (also shown in Figure 1 ). Leucrose and trehalose ions are adequately resolved from one another and from the peaks representing palatinose and melibiose. The latter pair, however, would not be resolved when analyzed as a mixture. It is interesting to point out that these two species are both α(1→6) linked disaccharides, whereas leucrose and trehalose are α(1→5) and α,α(1→1) linked, respectively. The monomeric subunits of melibiose are both aldohexoses (galactose and glucose), whereas palatinose contains both an aldohexose and ketohexose (glucose and fructose, respectively). This difference is not sufficient to distinguish them based on their mobilities at the current instrumental resolving power (typically R=50-120).
Results and Discussion
IMS-MS Analysis of Disaccharides
Screening Peptide Reagents Against Disaccharides
In order to shift the mobilities of these ions, we have attempted to form peptide-disaccharide complexes that will have different mobilities for isomeric species. We begin by considering which peptides in the library bind to disaccharides. The library of potential peptide reagents was first analyzed with a mixture of all four disaccharides. A twodimensional plot of the IMS-MS data for this system is shown in Figure 2 . The most intense features in the dataset correspond to singly-and doubly-protonated tripeptide ions, ions, where n=3-7. The presence of these disaccharide clusters in these spectra is consistent with the relatively high disaccharide concentration (1.2 mM total saccharide concentration) and the known tendency of some of these molecules to self-associate in aqueous environments [38] . It is interesting to note that these clusters only incorporate a single tripeptide. Given the high ratio of disaccharides to tripeptides in these clusters, it is unlikely that the peptide reagent is interacting specifically with more than one disaccharide molecule. That is, a 1:1 tripeptide-disaccharide complex is formed with some specificity, and this complex goes on to seed a cluster by associating with additional disaccharide molecules through saccharide-saccharide interactions.
A semiquantitative understanding of the binding efficiency of the tripeptide reagents for the disaccharide molecules is obtained by analyzing each disaccharide individually in the tripeptide library matrix. The binding efficiency is assessed by dividing the total ion intensity of all tripeptide-disaccharide complex ions by the intensities of all peaks corresponding to tripeptide ions. This ratio is then divided by the molar excess of disaccharide relative to tripeptide concentration. The resulting data allows comparison of binding efficiency as a function of peptide composition. The plot of these results for each disaccharide is shown in Figure 3 . The binding efficiencies vary according to the particular disaccharide and constituent residues of the peptide. For each disaccharide, however, optimal binding is consistently associated with histidine-rich sequences (HHH and one or more of HHY, HYH, and YHH) and to a peptide sequence comprising two tyrosine residues and one arginine residue. Binding efficiencies for these sequences are all in excess of 8%; some complexes exceed 15%. Peptides containing one of each possible amino acid residues demonstrate moderate binding. Given that the library design was based on a receptor for a functionalized aldohexose, this is not entirely surprising. The disaccharide that this library has the highest affinity for is melibiose, although the trihistidine-leucrose complex is also favored.
A dashed line of reference at the 10% level in Figure 3 represents the upper limit of the binding efficiency associated with nonspecific protein-saccharide interactions, as estimated by Klassen and coworkers [39] . This comparison indicates that several of the tripeptides bind significantly more efficiently than would be expected from a solely nonspecific interaction. In particular, melibiose forms the most abundant complexes with these peptides, with only the sequence YYY failing to meet or surpass the 10% threshold. One possible factor in the favorable binding of melibiose may be the α(1→6) linkage joining its aldohexose subunits. As demonstrated by the mobility of its sodium-cationized form, this linkage causes the disaccharide to adopt a relatively elongated form. Presumably, this conformation presents either of its subunits as available for recognition with minimal steric hindrance. Palatinose, the disaccharide that binds least efficiently (some complexes fail to exceed 5%), is also a α(1→6) linked disaccharide. However, it contains both an aldohexose and a ketohexose subunit. Furthermore, the fructose subunit of palatinose is found exclusively in its furanose form [40] . Therefore, its lower binding efficiency (approximately half the efficiency observed for melibiose and most peptide sequences) suggests that the tripeptides bind favorably only to aldohexose moieties. Leucrose demonstrates the second-highest binding efficiency (10% average) and also contains a fructose unit on its reducing end. In this case, however, the fructose is found only in the pyranose form [40] . As such, the subunit more closely resembles an aldohexose moiety, and thus would alleviate the binding inefficiency that appears to be associated with furanose structures. Although the peptide-carbohydrate interactions are almost certainly dominated by hydrogen bonding, there remains a subtlety about the origin of favored peptide-carbohydrate pairs. Through the combinatorial methods employed here, however, we are able to explore the possible sequences and determine these favored pairs empirically.
Resolution of Disaccharide Isomers that are not Resolved as [M + Na] + Ions
Recalling that sodiated palatinose and melibiose ions were not resolved from one another, these species present a good test case for assessing our shift reagent approach. Integration of the data across the ten unique m/z values for the tripeptide-disaccharide complex ions produces drift time distributions for each disaccharide in its complexed form. Of these drift distributions, eight spectra do not show any improvement in resolving the isomers. Two distributions, however, show evidence that peptide reagents can significantly improve the mobility separation ( Figure 4 ). The doubly protonated complex between trihistidine and these disaccharides has a unique m/z, making its assignment and drift distribution unambiguous. The [palatinose + HHH + 2H] 2+ ions appear as a single sharp peak in the drift time distribution, whereas the [melibiose + HHH + 2H] 2+ distribution splits into a doublet, roughly centered about, and baseline-resolved from, the other peak. The origin of this doublet is intriguing, given that the sodiated disaccharides and doubly protonated trihistidine ions all predominantly appear as single features upon IMS-MS analysis (data for trihistidine not shown). One might speculate that the two peaks observed for the [melibiose + HHH + 2H] 2+ distribution originates from two different binding modes oftrihistidine; one peak corresponds totrihistidine binding to the galactose subunit, and the other to trihistidine associating with the glucose moiety. This interpretation is also consistent with the singlet observed for [ The other peptide sequence that shows promise as a shift reagent contains one histidine, tyrosine, and arginine residue each (the same stoichiometry found in the recognition protein's binding cleft). Figure 4b shows IMS spectra for each disaccharide with these six different peptide isomers. The two distributions are so drastically different that it seems likely one of the six peptide isomers may be useful as a shift reagent. Also,complexes with palatinose give rise to a distribution containing at least six different structures, whereas only three features can be resolved for the complexes with melibiose. That fewer features are observed for palatinosetripeptide complexes than melibiose-tripeptide complexes is also consistent with our hypothesis regarding the possibility of selective binding to pyranose subunits.
It is interesting to consider the extent to which the tripeptide or disaccharide subunits dictate the overall structure of the complex. The interaction between the peptide and carbohydrate subunits to determine favored complex structures, though not well-understood at this time, is likely to be more effective than the metal cation-based strategies to resolve isomeric species in mobility separations. The results for trihistidine-disaccharide complexes demonstrates that isomeric target molecules can interact differently (and perhaps specifically) with an appropriate peptide reagent. Metal cations, on the other hand, tend to collapse saccharide structures (at least in 1:1 complexes of oligosaccharide:metal cation) to conformations with very similar cross sections [7] .
Tripeptide Binding Properties for Other Saccharide-Based Analytes
To consider binding efficiencies for other saccharides, we have selected two model compounds to better characterize this set of peptide reagents. We begin with N-acetylmuramic acid (MurNAc) because it is the natural ligand for PGRP, the protein this library is based upon. Thus, one would expect the library, or some subset of sequences therein, to demonstrate high binding efficiency for this molecule. Additionally, we have examined binding of the library to maltohexaose to examine the potential stoichiometries of complexes formed between the tripeptide library and saccharide molecules. Maltohexaose contains six α(1→4) linked glucose subunits, and thus provides a larger saccharide chain compared to the glucose-containing disaccharides and may be able to accommodate multiple peptide adducts.
Complexes formed between MurNAc and peptide reagents demonstrate similar stoichiometries compared to the disaccharide system. [MurNAc + tripeptide + 2H] 2+ ions were found to be the favored binding states for tripeptide-MurNAc complexes. Doubly protonated complexes with two and three MurNAc ligands, as well as [MurNAc + tripeptide + H] + ions, were also detected. The tripeptide-MurNAc complexes differ from the disaccharide system in two significant ways and are summarized in Figure 5 . First, the binding efficiency of the peptides for the MurNAc was much lower than anticipated; none of the peptides even approach the 10% level that estimates the maximum binding efficiency for nonspecific interactions. One possible factor for the relatively low binding efficiency of MurNAc is given by the intense [MurNAc + H] + peak in the mass spectrum (data not shown). This indicates that, despite containing a carboxylic acid and acetylated nitrogen moieties, the molecule surprisingly protonates quite readily. Therefore, unlike the neutral disaccharide ligands, interactions between MurNAc and the tripeptides will include significant electrostatic repulsion, Figure 6 . IMS-MS nested 2D plot generated upon analysis of maltohexaose with the tripeptide library leading to increased destabilization upon entering the gas phase. It is also possible that protonation presents a competing pathway for ionization, thus lowering the abundance of tripeptide-MurNAc complexes observed. The tripeptide-disaccharide system also demonstrates decreased apparent binding efficiency when competing ionization pathways are available, as when sprayed from solutions containing 2 mM sodium acetate (data not shown). Secondly,the tripeptide-MurNAc complexes differ from those with disaccharides in the peptide composition that binds most favorably. Whereas the disaccharides generally bound to histidine-rich sequences favorably, MurNAc appears to complex more readily with arginine-rich sequences. 2+ speciescontinues to be the preferred binding mode. It is interesting that, unlike the disaccharide analysis, this system does not generate a triply protonated series of ions. Presumably, the third proton in those complexes was stabilized by the clustering of additional disaccharide units; [M + tripeptide + 3H] 3+ ions were not observed for 1:1 tripeptide:disaccharide complexes. The maltohexaose system does not demonstrate such clustering and, thus, the lack of a triply protonated series of ions is consistent with the requirement of cluster formation to accommodate a third proton. Also absent from these data is the presence of any complexes with a binding stoichiometry greater than 1 (tripeptide:saccharide). This suggests that saccharidebased analytes below 1000 Da in mass do not bind multiple tripeptide reagents.
Conclusions
A 27-component combinatorial library of peptides was designed based on the nonadjacent histidine, tyrosine, and arginine residues associated with the glycan recognition properties of a protein. These short linear sequences retain sufficient binding properties as to be analytically useful in the IMS-MS separations of carbohydrates. Compared with estimated binding efficiencies for nonspecific protein-saccharide interactions, [39] the peptide reagents here appear to interact with disaccharides with some specificity. The preferential binding that is observed among a set of isomeric species allows these complexes to be resolved by IMS-MS analysis.
The tripeptide charge-carriers have inherent structure that is likely important in dictating the overall structure of complexes with different isomeric forms of an analyte. This is supported by the evidence suggesting that tripeptide-disaccharide binding is influenced by characteristics of both the peptide (regarding its composition) and the disaccharide (regarding its linkage and subunit ring type). We note that the utility of these reagents appears to be susceptible to competing ionization pathways and may be limited by peptide:analyte stoichiometry (at least for analytes below molecular weight of 1000 Da). The cases reported on here are preliminary investigations into a limited number of biologicallyinspired peptide-carbohydrate interactions to be utilized in analytical techniques; clearly, more examples are needed to produce a readily applicable methodology. Nonetheless, the results presented here have shown that simulation of specific protein-ligand interactions using short peptide reagents is an analytically useful approach for resolving isomeric molecules.
